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In this paper we study the optical properties of U(1) spin liquids with large spinon Fermi sur-
faces based on a simple formula for the bulk optical conductivity obtained through the Ioffe-Larkin
composition rule. We show that the optical conductivity of U(1) spin liquids at energies above the
charge gap has a unique feature that distinguishes them from ordinary insulators. In particular we
show the existence of a long-life surface plasmon mode propagating along the interface between a
linear medium and the spin liquid at frequencies above the charge gap, which can be detected by
the widely used Kretschmann-Raether three-layer configuration.
Recent experimental works on the organic compound
κ-(ET)2Cu2(CN)3[1–5], Herbertsmithite[6–8] and other
candidate materials[9–11] have pointed to the existence
of the U(1) quantum spin liquid state in nature. Spin
liquids are Mott insulators with odd number of 1/2-
spin per unit cell which show no long-range magnetic
order[12, 13]. For the typical case of κ-(ET)2Cu2(CN)3,
the insulator is near the Mott metal-insulator transition
and shows U(1) spin liquid behavior including the exis-
tence of linear temperature dependence of the specific
heat, the Pauli-like spin susceptibility and the nearly
unity Wilson ratio, etc.
The low-energy effective theory of U(1) spin liquids is
believed to be described by a model composed of sep-
arate charge dynamics part Lc and spin dynamics part
Ls (spin-charge separation). The charge dynamics Lc is
described by the strong coupling phase of a quantum x-
y model in which the charge excitations acquire a gap,
while the spin dynamics Ls has a free hopping Hamilto-
nian with a filled Fermi sea of spinons. The key feature
of U(1) spin liquids is that both parts are coupled to an
emergent internal gauge field aµ = (a0, a), which leads to
unusual properties of the spin liquids system[14, 15]. For
example, although the spinons are neutral and do not
couple to the external gauge field directly, the induced
gauge field aµ indirectly couples the external gauge field
to the gapless spinons, yielding a power-law optical con-
ductivity inside the Mott gap[15].
The optical conductivity plays an important role in
the understanding of properties of ordinary metals and
insulators, and we expect that it will also provide im-
portant information for the exotic spin liquid states. For
the U(1) spin liquids described by the low-energy effec-
tive U(1) gauge theory Ls+Lc, the physical conductivity
σ(q, ω) is related to the response functions of the spin and
charge components through the Ioffe-Larkin composition
rule[16]:
σ−1α (q, ω) = σ
−1
sα (q, ω) + σ
−1
cα (q, ω), (1)
where s and c denote the conductivities of the spin and
charge components respectively, and α = l, t correspond
to longitudinal and transverse components. In the q → 0
limit, there is no distinction between the longitudinal and
transverse responses in an insulator, and we can replace
the charge response simply by an effective dielectric func-
tion εc(ω). Then the physical optical conductivity can be
written as[15]:
σ(ω) =
ωσs(ω)
ω + iβ(ω)σs(ω)
, (2)
where β(ω) ≡ 4π/(εc(ω)− 1). The usual metallic state is
recovered when β(ω)→ 0 where the spinon conductivity
becomes the physical conductivity. The spin liquid state
is characterized by β(ω → 0) > 0. The unusual features
of spin liquid states with large spinon fermi surface can be
seen easily by using the Drude form for σs(ω) = σ0/(1−
iωτ)[15], where σ0 = ne
2τ/m. Using Eq. (2), we obtain
σ(ω) =
ωσ0
(1 − iωτ)ω + iβ(ω)σ0 , (3a)
in particular,
Reσ(ω)→ ω
2
β(0)2σ0
∼ ω2τ−1, (3b)
in the limit ω → 0.
Generally, τ = τ(ω, T ), where τ−1 ∼ [max(~ω, kBT )]α
at low temperature, leading to the power-law physical
conductivity Re[σ(ω)] ∼ ω2+α in the Mott gap, where
α ∼ 1.33 in gauge theory. The predicted in-gap power-
law optical conductivity has indeed been observed in
spin-liquid materials but with a different exponent α from
the value proposed in gauge theory[8, 17].
In this paper we study the optical properties of U(1)
spin liquid states at energy range ω > ωg, where ωg is
the charge gap which will be defined in the following.
We shall show that the optical property of U(1) spin
liquid states with large fermi surfaces shows also strong
deviation from ordinary insulators at this energy range.
The difference can be seen most easily in the clean limit
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FIG. 1. Real part of the conductivity of the U(1) spin liq-
uids for different values of ωg. We choose τ
−1 = 0.1ω in our
calculation.
τ →∞, where σ(ω) becomes
σ(ω)→ iωω¯
2
P
ω2 − β(ω)ω¯2P
, (4)
where ω¯2P = ω
2
P /4π, ω
2
P = 4πne
2/m is the plasma fre-
quency. Notice that
Reσ(ω) =
ω2P
8
(δ(ω + ωg) + δ(ω − ωg)) ,
and the δ-function Drude weight of the clean metal at
zero frequency is moved to a finite frequency ωg =√
β(ωg)ω¯P in the spin liquid state, indicating that ωg
is the charge gap. The existence of a δ-function Drude
weight at ωg is a unique feature of spin liquid states
with large spinon fermi-surface and is consistent with the
physical picture that spin liquid states are results of spin-
charge separation at energies ω < ωg[18]. For ω > ωg,
spin and charge recombine. The δ-function Drude weight
at energy ωg indicates that all spinons at the spinon fermi
surface are all recombined into normal quasi-particles at
this energy scale. This singular behavior is absent in or-
dinary insulators where conduction behavior is built up
by exciting particles gradually and no singularity exists
at the band edge.
At finite τ , the δ-function broadens into a (non-
Lorentzian) peak centered at ωg. The total spectral
weight under the peak is ω2P /8, which is half of the spec-
tral weight under the Drude peak in the corresponding
metal state. This is shown schematically in Fig. 1, where
we plot the real part of conductivity as a function of ω
for several values of ωg. We have taken a ω-independent
β(ω) = β0 and τ
−1 = 0.1ω in our calculation. The major
effect of a ω-dependent β(ω) is to renormalize ωP and ωg
which will be explained later in the paper. Notice that
the peaks gradually broaden as ωg increases because of
the increase in τ−1 as ω increases.
To see other consequences of this non-trivial behavior
we consider the dielectric function given by ε(q, ω) ≡
1 + 4πiσl(q, ω)/ω. Using Eq. (3a) for conductivity, we
obtain
Re ε(ω) = 1 +
4πσ0τ(ω
2
g − ω2)
ω2 + τ2(ω2g − ω2)2
, (5a)
Im ε(ω) =
4πσ0ω
ω2 + τ2(ω2g − ω2)2
. (5b)
In ordinary metals, the dielectric function is in gen-
eral complex, indicating that electromagnetic waves will
decay inside the metal. However, it may still support sur-
face modes propagating along the interface, say x = 0,
between a linear dielectric medium and the metal. We
shall show that the same phenomenon exists in U(1) spin
liquid states at energies ω > ωg. To be specific we con-
sider the p-polarization case H = Hzˆ, the solutions (the
TM modes) of the Maxwell equations that are wavelike
in the y direction can be written as
H(ω) = (0, 0, H)eiky+ik1x,
E(ω) = H
c
ω
1
ε0
(−k, k1, 0)eiky+ik1x,
in the region x < 0 (the linear medium with dielectric
constant ε0), and as
H(ω) = (0, 0, H)eiky+ik1sx,
E(ω) = H
c
ω
1
ε(ω)
(−k, k1s, 0)eiky+ik1sx,
in the region x > 0 (the spin liquids). Matching the
boundary conditions gives the wave vectors[19, 20]:
k2 =
ω2
c2
ε0ε(ω)
ε0 + ε(ω)
, (6a)
k21 =
ω2
c2
ε20
ε0 + ε(ω)
, (6b)
k21s =
ω2
c2
ε2(ω)
ε0 + ε(ω)
. (6c)
For the surface modes, the waves should be local-
ized near the boundary and decay exponentially away
from the boundary, while along the boundary, the waves
should not decay. That is, the imaginary part of the wave
vector k1 should be negative, while the imaginary part of
the wave vector k1s should be positive. So we can obtain
the necessary conditions for the existence of the surface
modes:
Imk = 0, Rek1 ≪ −Imk1, Rek1s ≪ Imk1s. (7)
In the limit when the imaginary part of the dielectric
function is small and can be neglected, these conditions
can be satisfied in frequency ranges where the real part
of the dielectric function ε(ω) is negative and |ε(ω)| >
ε0. For ordinary metals this happens at frequency range
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FIG. 2. Energy spectral of the free photon (red line) ω = ck,
and the surface plasmon mode ω = ω(k) for different values of
ωg. In the region ω1 < ω < ω2 the real part of k is much larger
than the imaginary part, and the real part of the dielectric
function ε is negative. It is easy to see as ωg becomes larger,
the frequency range becomes narrower.
0 < ω < ωP /
√
1 + ε0. To see what happens in the U(1)
spin liquid states we examine the τ → ∞ limit of the
dielectric function given by Eqs. (5). It is easy to see
that Im ε(ω)→ 0 in this limit and
Re ε(ω)→ 1− ω
2
P
ω2 − ω2g
,
and conditions (7) are satisfied for ωg < ω <√
ω2P /(1 + ε0) + ω
2
g and we expect that surface plasmon
mode exists in this frequency range.
The main effect of nonzero (but small) τ−1 is to intro-
duce a small Imk 6= 0, i.e. the surface plasmons acquire
a finite propagation length and life time. In this case, we
may replace the plasmon existence condition Imk = 0 by
a less demanding condition
Rek ≫ Imk.
The surface plasmon dispersion is computed with this
modified criteria for several β and are shown in Fig. 2
where we take τ−1 = 0.1ω. We find that surface plas-
mon exists between frequencies ω1 ∼ ωg and ω2 ∼√
ω2P /(1 + ε0) + ω
2
g and the range between ω1 and ω2
narrows as β increases because of the increase in τ−1 as
a function of frequency.
For the organic material κ-(ET)2Cu2(CN)3 with ex-
change coupling J ≈ 250K ∼ 10meV ∼ ǫF , using
the relation n/m = N(0)v2F /d (d is the dimension of
the system), it is easy to estimate the frequency scale
ω¯P =
√
ne2/m = e
√
2N(0)ǫF/(dm) ∼ 1012s−1, or in in-
verse length unit ω¯P /(2πc) ∼ 5.3 cm−1, which lies in the
low frequency regime[17]. Notice the long length scale
(∼ cm) justifies the neglectance of q dependence in ε(ω).
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FIG. 3. Reflectance at spin liquids film of different thickness
in the Kretschmann-Raether configuration, the dip of the to-
tal reflectance corresponds to the resonant angle where the
surface modes are exited. We can see that at a certain thick-
ness d = 0.35 mm, the incident waves are totally absorbed to
excite the surface modes. The resonant angle is θ ≈ 40◦.
The surface modes cannot be excited by a single free-
propagating photon because in the region ω1 < ω <
ω2 the dispersion curve of the surface modes lies al-
ways on the right of the free photon line, then vari-
ous alternative excitation schemes have been developed.
The most widely used scheme relies on the coupling
via evanescent waves through the Kretschmann-Raether
configuration[19, 21] using a prism-spin liquids-linear
medium (1|2|3) three-layer model. Then the total re-
flectance of the three-layer model is given by:
R =
∣∣∣∣
r12 + r23e
2ik1sd
1 + r12r23e2ik1sd
∣∣∣∣
2
,
where d is the thickness of the medium 2 film (the spin
liquids), and rij is the reflection coefficient at the inter-
face between layer i and layer j:
rij =
nj cos θi − ni cos θj
nj cos θi + ni cos θj
=
ki,x/εi − kj,x/εj
ki,x/εi + kj,x/εj
,
where θi is the incident angle on the ith layer. The sur-
face modes excitation is associated with characteristic dip
in the total reflectance as shown in Fig. 3. The refractive
index of the prim is chosen as n1 = 1.73, the units and
values of the parameters used are summarized in Table I.
The reflectance for fixed thickness d = 0.35mm as a
function of ωg is shown in Fig. 4, where we see that the
dip in reflectance gradually smoothes out and disappears
when ωg becomes large, indicating that the system be-
haves more and more like an ordinary insulator.
We now consider the ω-dependence of β(ω). We note
4TABLE I. The units and values of the parameters used in the
calculation.
parameter ω ω¯P a
a β k d
unit 1012s−1 1012s−1 − − cm−1 mm
value 0.55b 0.316 .1 1 − 0.35
a Here we choose τ−1 = aω, which is different from the one given
in gauge theory.
b Frequency of the incident light to excite the surface modes,
ω = 0.5ωP .
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FIG. 4. Reflectance at spin liquids film for different values of
ωg at the thickness d = 0.35 mm. The dip in reflectance grad-
ually smoothes out and disappears when ωg becomes large,
indicating that the system behaves more and more like an
ordinary insulator.
from Eq. (1) that
− iω
β(ω)
= σc(ω) ∼ iωω
2
c
ω2 −m2 .
The last equality gives the general form of σc(ω) com-
puted from the strong coupling phase of Lc. ω2c mea-
sures the spectral weight of the slave rotors and m is the
rotors’ charge gap. Therefore, β(ω) ∼ ω−2c (m2 − ω2).
Putting this back into Eq. (4) we see that the frequency-
dependence of β(ω) renormalized ω2P → ω2R with
ω−2R = ω
−2
P + ω
−2
c ,
and ωg = m(ωR/ωc), which are results of the Ioffe-Larkin
composition rule. In particular, the qualitative conclu-
sions we drawn above remain unchanged.
Lastly we apply our analysis to Herbertsmithite which
is believed to be a U(1) spin liquid with Dirac fermion
like dispersion[8, 22]. In this case it is expected that
σs(ω) ∼ e
2
8
= σD, (8)
which is an universal number independent of disorder[22].
Notice that no Drude-like peak exists in this case.
Putting in Eq. (2), we obtain σ(ω) ∼ ω2 at low
frequency[22]. The corresponding dielectric function is
Re ε(ω) = 1 +
4πσ2Dω
−2
c (m
2 − ω2)
ω2 + σ2Dω
−4
c (m2 − ω2)2
, (9a)
Im ε(ω) =
4πωσD
ω2 + σ2Dω
−4
c (m2 − ω2)2
, (9b)
which has the same form as Eqs. (5) if we replace τ →
σDω
−2
c , σ0 → σD and ωg → m. With realistic parame-
ters, we estimate that the effective τ is too small and
Re ε(ω) stays positive for all frequencies ω suggesting
that no surface plasmon mode exists in this case.
Summarizing, we discuss in this paper optical proper-
ties of U(1) spin liquids with large spinon Fermi surfaces
based on the conductivity obtained from gauge theory
and Ioffe-Larkin rule. We show how the charge gap ωg
arises in the optical conductivity through the parameter
β(ω) and that the δ-function Drude weight in the metal-
lic state is transferred to finite frequency ωg in the Mott
insulating state.
This in terms leads to the prediction that surface
plasmon modes propagating along the interface between
a linear medium and a U(1) spin liquid with large
spinon fermi surface are supported at frequency ω > ωg,
the surface mode can be excited by the widely used
Kretschmann-Raether three-layer configuration. On the
other hand, surface plasmon is absent in Herbertsmithite
which is believed to be a U(1) spin liquid with Dirac
fermion like dispersion.
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